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INTRODUCTION

The need for safe and effective antifungal agents increases in
parallel with the expanding number of immunocompromised
patients at risk for invasive fungal infections. The emergence
of fungal pathogens resistant to current therapies further com-
pounds the dearth of antifungal agents. Currently available
antifungal compounds act on targets also found in mammalian
cells (34), which may result in toxicity or an adverse drug
interaction. It is therefore imperative to find antifungal com-
pounds that are not toxic to mammalian cells. The past decade
has witnessed a dramatic growth in knowledge of natural pep-
tides. Peptides such as the cecropins were shown to be antimi-
crobial but not lethal for mammalian cells (21, 141, 162, 182).
Most data on antimicrobial peptides concern bacteria. This
minireview presents a review of the current literature on anti-
fungal peptides, including their in vitro and in vivo activities,
mechanisms of action, and structure-function relationships,
when known.

CLASSIFICATION OF PEPTIDES

Antifungal peptides are classified by their mode of action.
The first group acts by lysis, which occurs via several mecha-
nisms (158). Lytic peptides may be amphipathic, that is, mol-
ecules with two faces, with one being positively charged and
the other being neutral and hydrophobic. Some amphipathic
peptides bind only to the membrane surface and can disrupt
the membrane structure without traversing the membrane.
Others traverse membranes and interact specifically with cer-
tain molecules. Finally, other amphipathic peptides aggregate
in a selective manner, forming aqueous pores of variable sizes,
allowing passage of ions or other solutes. The second peptide
group interferes with cell wall synthesis or the biosynthesis of
essential cellular components such as glucan or chitin (34). An
excellent review of lipopeptide antifungal agents affecting cell
wall synthesis has been published previously (9).

MAMMALIAN PEPTIDES

Defensins. a-Defensins (“classic defensins”) and b-de-
fensins (Table 1), which are present in many organisms, are
predominantly b-sheet structures stabilized by three disulfide
bonds that distinguish them from other antimicrobial peptides
that form amphipathic helices (185). They are small, variably

cationic proteins whose three-dimensional folds form highly
amphipathic molecules (55). Defensins electrostatically bond
to membranes, causing the formation of multimeric pores and
the leakage of essential minerals and metabolites (102, 105,
133, 185). Defensin A caused membrane depolarization, de-
creased cytoplasmic ATP levels, and inhibited cellular respira-
tion (31). The entrance of defensins into cells has caused DNA
damage (58, 105).

Rabbit, guinea pig, rat, and human neutrophils contained
defensins within azurophilic granules (42, 55, 155–157). Rabbit
granulocytes contained six a-defensins structurally homolo-
gous to human defensins (106). Three such peptides, NP-1,
NP-2, and NP-3a, were highly effective against Candida albi-
cans (157). Although NP-5 lacked candidacidal properties
alone, at submicromolar concentrations it potentiates the anti-
Candida effects of other rabbit defensins (106). This effect of
NP-5, however, was not observed with NP-3b or NP-4. NP-1
had MICs ranging from 3.75 to 15 mg/ml for encapsulated
strains of Cryptococcus neoformans, while the MICs for acap-
sular strains were much lower (0.93 mg/ml) (3). NP-1 and other
rabbit defensins were also lethal for Coccidiodes immitis, as
well as hyphae and germinating conidia, but not dormant
conidia, of Rhizopus oryzae and Aspergillus fumigatus (107,
153). As measured by the yellow tetrazolium salt assay, NP-1,
NP-2, and NP-3 killed all A. fumigatus hyphae at 25, 25, and
100 mg/ml, respectively (107). At 100 mg/ml, NP-4 killed only
11% of the hyphae, while NP-5 had no effect. Resting conidia
of A. fumigatus were resistant to 100 mg of these peptides per
ml. Purified chitin and its fragments chitobiose and chitotrose
bound to NP-1 and prevented the death of A. fumigatus, sug-
gesting that the lethality of NP-1 was through binding to cell
wall chitin (107).

Human a-defensins, HNP-1 to HNP-3, are constituents of
the microbicidal granules of neutrophils (104). At 50 mg/ml,
HNP-1 and HNP-2, but not HNP-3, were lethal for C. albicans
(103). On a concentration basis, rabbit NP-1 was 10- to 20-fold
more active than HNP-1 against C. albicans (103). HNP-1 to
HNP-3 at 50 mg/ml inhibited C. neoformans growth, with a
reduction of .103 CFU/ml compared to the growth of the
control after 4 h (56).

Bovine tracheal antimicrobial peptide, a cysteine-rich b-de-
fensin produced by respiratory epithelial cells, was active (41)
against the yeast forms of several C. albicans strains. The
synthetic form at 400 mg/ml was active against the hyphal forms
of A. fumigatus and C. albicans (98). In contrast, magainin II,
a-defensin, and amphotericin B had lower MICs for A. fumiga-
tus (250, 200, and 0.8 mg/ml, respectively) (98).

Protegrins and gallinacins. The protegrins, which are re-
lated to the b-defensins, are produced by porcine leukocytes.
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They are cationic, cysteine-rich molecules with two intermo-
lecular, parallel, disulfide bridges which stabilize an amphi-
pathic b-sheet structure comprising two antiparallel strands (7,
70, 89). Protegrins formed weakly selective ionic channels that
anions and small cations permeated, indicating that the cys-
teine bridges are a prerequisite for membrane permeability
alteration but not for antimicrobial activity (112). In contrast,
others reported that these intramolecular disulfide bonds en-
hance the antimicrobial and lytic actions of protegrins (71).
Zone inhibition studies showed that protegrins 1, 2, and 3
inhibited C. albicans growth at 60, 8, and 3 mg/ml, respectively
(89). Chicken leukocytes produce the gallinacin peptide family
(69). Gallinacins have three intramolecular cystine disulfide
bonds, are relatively cationic, and are rich in lysine and argi-
nine. Gallinacin-1 and -1a inhibited C. albicans in a radial
diffusion assay (69). However, gallinacin-2 showed no activity
at up to 400 mg/ml in this assay.

Tritrpticin and lactoferricin. Precursors of many antimicro-
bial peptides of porcine, bovine, and rabbit origin share highly
conserved regions with antifungal properties (108, 163, 189).
Tritrpticin corresponds to 13 amino acids of the C-terminal
portion of cathelin, a putative proteinase inhibitor from por-
cine blood leukocytes. In vitro, it was weakly inhibitory for
Aspergillus flavus and C. albicans (97). Bovine lactoferrin, an
iron-binding protein, had broad antimicrobial properties (25,
143). Lactoferricin, an enzymatic product of lactoferrin, pos-
sessed greater antimicrobial properties than lactoferrin and
corresponds to the 18 amino acid residues near the N terminus
of lactoferrin in a region distinct from its iron-binding sites (16,
176). Lactoferricin was active against C. albicans; however, its
antimicrobial properties were diminished by Ca21, Mg21, and
Fe21 (186). The optimum pH for this peptide was 6.0, and it
bound to outer bacterial membranes, causing disruption of
normal permeability functions of the cytoplasmic membrane
and ultrastructural damage (17, 186).

BPI protein domain III analogs. The bactericidal and per-
meability-increasing (BPI) protein is a cationic protein stored
principally in the azurophilic granules of neutrophils (43). Sev-
eral potent antifungal peptides with activity against Candida
spp., C. neoformans, and A. fumigatus were derived from BPI

protein functional domain III (109). These constructs pro-
duced significant, dose-dependent reductions in the numbers
of C. albicans CFU in the kidney and significant protection
from mortality in murine candidiasis models (5). Three small
synthetic peptides (XMP.284, XMP.366, and XMP.391) based
on BPI protein domain III were found to be fungicidal for
several Candida species, while subinhibitory concentrations of
these peptides enhanced the anti-Candida activities of flucon-
azole (78). XMP.391 was effective against murine disseminated
aspergillosis and enhanced the effectiveness of amphotericin B
(4).

INSECT-DERIVED ANTIMICROBIAL PEPTIDES
Cecropins. Cecropins (Table 2), which form a-helices in

solution, are linear peptides in the hemolymph of the giant silk
moth (Hyalopora cecropia) (21, 162). They are positively
charged and form time-variant and voltage-dependent ion
channels in planar lipid membranes (29). Cecropins were not
lethal for mammalian cells at microbicidal levels and have been
administered safely to animals (21, 65, 122, 141, 162, 182). At
between 25 and 100 mg/ml it is fungicidal for pathogenic As-
pergillus species (37, 38). Fusarium moniliforme and Fusarium
oxysporum were especially sensitive to cecropin A, with total
killing attained at 12.4 mg/ml (37).

Drosomycin. Drosophila melanogaster produces drosomycin,
an insect defensin with significant homology with plant anti-
fungal peptides isolated from seeds of members of the family
Brassicaceae (47). It was similar in structure to the radish
antifungal peptide, Rs-AFP1, and was particularly effective
against F. oxysporum isolates (118).

Antifungal peptide, holotricin 3, and thanatin. Insect pep-
tides which are antifungal include antifungal peptide, holotri-
cin 3, and thanatin. Antifungal protein, a histidine-rich peptide
that causes cellular leakage, was purified from the third instar
larval hemolymph of Sacrophaga peregrina, and in vitro, it was
lethal for C. albicans (79). Holotricin 3, a glycine- and histi-
dine-rich peptide purified from the larval hemolymph of Ho-
lotrichia diomphalia, inhibited C. albicans growth (101).
Thanatin, produced by Podisus maculiventris, is nonhemolytic
and is active against F. oxysporum and A. fumigatus (46).

TABLE 1. Mammalian antifungal peptides

Peptide Source No. of amino
acids

Mode of
action Typical target organism In vitro MIC (mg/ml)

Defensins
NP-1 Rabbit granulocytes 33 Lysis C. neoformans 3.75–15.0a

NP-2 Rabbit granulocytes 33 Lysis A. fumigatus 25.0
NP-3A Rabbit granulocytes 34 Lysis A. fumigatus 100.0
NP-3B Rabbit granulocytes 33 Lysis A. fumigatus 100.0
NP-4 Rabbit granulocytes 33 Lysis A. fumigatus .100.0
NP-5 Rabbit granulocytes 33 Lysis A. fumigatus Inactive alone
HNP-1 Human neutrophils 30 Lysis C. albicans 50.0
HNP-2 Human neutrophils 29 Lysis C. albicans 50.0
HNP-3 Human neutrophils 30 Lysis C. neoformans 50.0 (LD50

b)

Gallinacin-1 Chicken 39 Lysis C. albicans 25.0

Lactoferricin-B Human, bovine 18 Lysis C. albicans 0.8

Protegrins 1 to 3 Human, porcine 16–18 Lysis C. albicans 3.0–60.0

Tracheal antimicrobial peptide Human, bovine 38 Lysis C. albicans 6.0–12.0

Tritrptcin Human, porcine 13 Lysis A. flavus 250.0

a MICs based on assays with multiple isolates.
b LD50, lethal dose for 50% of the population.
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AMPHIBIAN-DERIVED PEPTIDES

Magainins. The African clawed frog (Xenopus laevis) pro-
duces the magainins, which are a-helical ionophores that dis-
sipate ion gradients in cell membranes, causing lysis (184).
Their helical, amphiphilic structure was responsible for affinity
to membranes (28). An increase in the magainin concentration
caused the artificial lipid bilayer thickness to decrease, suggest-
ing adsorption within the head-group region of the lipid bilayer
(111). Magainin 2 was nonhemolytic and inhibited C. albicans
growth (190). This nonhemolytic property may result from a
peptide-cholesterol interaction in mammalian membranes that
inhibits the formation of peptide structures capable of lysis
(179).

Dermaseptin. The South American arboreal frog (Phyllome-
dusa sauvagii) produces the dermaseptin family of nonhemo-
lytic antifungal peptides (38, 125). Dermaseptins are linear
cationic, lysine-rich peptides and are believed to lyse microor-
ganisms by interacting with lipid bilayers, leading to alterations
in membrane functions responsible for osmotic balance (67,
124, 139). Zone inhibition assays demonstrated that 10 mg/ml
suppresses the growth of A. fumigatus (123). Dermaseptins s1
to s5 were potent antifungal agents that inhibited a wide range
of fungi (124). Dermaseptin b inhibited the in vitro growth of
yeasts and some filamentous fungi; however, the dermaseptin s
group was more effective (123).

ANTIFUNGAL PEPTIDES PRODUCED BY BACTERIA
AND FUNGI

Iturins. Various strains of Bacillus subtilis produce the iturin
peptide family. They are small cyclic peptidolipids character-
ized by a lipid-soluble b-amino acid linked to a peptide con-
taining D and L amino acids (136). Iturins affected membrane
surface tension, which caused pore formation and which re-
sulted in the leakage of K1 and other vital ions, paralleling cell
death (19, 95, 175). One family member, bacillomycin F (Table
3), inhibited the growth of fungi including Aspergillus niger, C.
albicans, and F. oxysporum (94, 117). In a disc assay, iturin A
inhibited A. flavus and F. moniliforme growth (88). Initial clin-
ical trials involving humans and animals showed that iturin A
was effective against dermatomycoses and had a wide spectrum
of antifungal properties and low allergenic effects (20, 30).
Unfortunately, bacillomycin L and iturin A have been found to
be hemolytic, which may reduce their potential use as antifun-
gal drugs (96).

Syringomycins and related peptides. Members of the
Pseudomonas syringae pv. syringae group produce small cyclic
lipodepsipeptides known as syringomycins (154), the major
form being syringomycin E (SE). SE increased transmembrane
K1, H1, and Ca21 fluxes and the membrane potential in
plasma membranes of plants and yeasts (142, 167, 169, 192).
SE formed voltage-sensitive ion channels, altered protein
phosphorylation and H1-ATPase activity (48). Ergosterol was
a binding site in yeast for the syringomycins (168). Sorenson et
al. (159) published a thorough study of the potent fungicidal
properties of several compounds produced by P. syringae, in-
cluding SE, syringotoxin B, and syringostantin A. These com-
pounds were fungicidal for Candida, Cryptococcus, and As-
pergillus isolates (159). A 12% (wt/vol) ointment of SE was
effective in controlling vaginal candidiasis in a murine model
(160). P. syringae also produced the pseudomycins, another
family of peptides with broad-spectrum antifungal activity (68).

CHITIN SYNTHASE INHIBITORS

Nikkomycins. Nikkomycins, which are produced by Strepto-
myces tendae, enter target cells via dipeptide permeases and
inhibit chitin biosynthesis in C. albicans both in vitro and in
vivo (27, 75, 114, 115, 121, 172). Nikkomycins provided anti-
fungal protection to infected kidneys, while other organs were
unprotected (27). Nikkomycin Z at high dosages prolonged the
survival of mice with disseminated candidiasis (15, 72). Ni-
kkomycins X and Z were active against pathogenic dimorphic
fungi but showed only modest to poor activity against yeast and
filamentous fungi (73, 74). However, they were highly effica-
cious in murine models of coccidioidomycosis and blastomy-
cosis, with moderate efficacy against histoplasmosis. Given
orally, the nikkomycins prevented the deaths of mice infected
with a 100% lethal challenge of C. immitis, with nikkomycin Z
being more active than nikkomycin X.

Polyoxins. Polyoxins, which are produced by Streptomyces
cacaoi, were active against isolated chitin synthases but had
variable activity against intact organisms (76, 77, 84, 164).
Polyoxin D was fungistatic for C. albicans at concentrations of
500 to 2,000 mg/ml, depending on the strain, and inhibited C.
neoformans growth (14). Notably, polyoxin D reduced the abil-
ity of C. albicans to bind to buccal epithelial cells by as much
as 58% compared to the binding ability of controls (61).

FR-900403. FR-900403 differs in structure from the polyox-
ins and nikkomycins in that its nucleoside is adenosine and the
peptide is linked to the nucleoside at the C-39 residue. It was

TABLE 2. Insect and amphibian antimicrobial peptides

Peptide Source No. of amino acids Mode of action Typical target organism In vitro MIC (mg/ml)

Antifungal peptide S. peregrina 67 Lysis C. albicans 25.0

Cecropins
A H. cecropia 37 Lysis F. oxysporum 12.0
B H. cecropia 35 Lysis A. fumigatus 9.5

Dermaseptins
b P. sauvagii 27 Lysis C. neoformans 60.0
s P. sauvagii 34 Lysis C. neoformans 5.0

Drosomycin D. melanogaster 44 Lysis F. oxysporum 5.9–12.3a

Magainin 2 X. laevis 23 Lysis C. albicans 80

Thanatin P. maculiventris 21 Unknown A. fumigatus 24–48a

a MICs based on assays with multiple isolates.
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active against C. albicans but not against filamentous fungi
(86).

PEPTIDES AFFECTING GLUCAN SYNTHESIS

Echinocandins. Echinocandins, which consist of a diverse
family of lipopeptides, are noncompetitive inhibitors of (1,3)-
b-D-glucan synthase (13, 119, 134, 150). Their mode of action
is similar to that of the papulacandins, naturally occurring
antifungal glycolipids (8, 11, 64). The name echinocandin was
originally applied to a small family of cyclic lipopeptide anti-
fungal natural products with the same cyclic peptide nucleus
but different fatty acid side chains (178). However, the echi-
nocandin peptide family now includes the echinocandins, cilo-

fungin, pneumocandins, aculeacins, mulundocandin, and
WF11899 (Table 3). Three excellent reviews describe this pep-
tide family (57, 93, 178). Of the three types of echinocandins
(types B, C, and D), type B is the major species produced by
some members of the Aspergillus nidulans and Aspergillus rugu-
losus groups (18, 87, 177). Echinocandins possessed antimicro-
bial activity against Pneumocystis carnii and C. albicans (10,
152, 178). Since echinocandin B is hemolytic due to the acyl
side chain, it has not been used clinically (32, 33, 178).

Echinocandin analogs. The hemolytic property of the native
echinocandins was greatly reduced by enzymatically creating
analogs (designated LY compounds) of echinocandin B, listed
in Table 4 (50). Cilofungin (LY121019), an analog of echino-
candin B, was greater than 10-fold less lytic for erythrocytes

TABLE 3. Bacterial and fungal antifungal peptides

Peptide Source Structure Mode of action Typical target
organism

In vitro MIC
(mg/ml)

1901-II P. lilacinus Amino-lipopeptide Unknown C. tropicalis 12.5
1907-VIII P. lilacinus Amino-peptide Unknown C. tropicalis 50.0
A12-C B. licheniformis Peptide Hyphal prolifer-

ation
M. canis Unknown

Aculeacins Aspergillus aculeatus Lipopeptide Glucan synthesis C. albicans 0.2–6.3a

Aureobasidin A A. pullulans Cyclic depsipeptide Actin assembly C. neoformans 0.63
Bacillomycin F Bacillus subtilis Lipopeptide Lysis Aspergillus niger 40.0
CB-1 B. licheniformis Lipopeptide Chitin binding F. oxysporum 50.0 (IC50

b)
Cepacidine A1 B. cepacia Cyclic glycopeptide Unknown A. niger 0.098
Cepacidine A2 B. cepacia Cyclic glycopeptide Unknown A. niger 0.096
Echinocandin B A. nidulans Lipopeptide Glucan synthesis C. albicans 0.625
Fungicin M-4 B. licheniformis Cyclic peptide Unknown Mucor sp. 8.0
FR900403 Kernia sp. Lipopeptide Chitin synthesis C. albicans 0.4
Helioferin A M. rosea Lipopeptide Unknown C. albicans 5.0
Helioferin B M. rosea Lipopeptide Unknown C. albicans 5.0
Iturin A B. subtilis Lipopeptide Lysis S. cerevisiae 22.0
Leucinostatin A P. lilacinum Amino-lipopeptide Unknown C. neoformans 0.5
Leucinostatin H P. marquandii Amino-lipopeptide Unknown C. albicans 10.0
Leucinostatin K P. marquandii Amino-lipopeptide Unknown C. albicans 25.0
Mulundocandin A. syndowi Lipopeptide Glycan synthesis C. albicans, A. niger 0.97

31.25
Nikkomycin X Streptomyces tendae Peptide-nucleoside Chitin synthesis C. immitis 0.125
Nikkomycin Z S. tendae Peptide-nucleoside Chitin synthesis C. immitis 0.77
Pneumocandin A0 Z. arboricola Lipopeptide Glucan synthesis C. albicans isolates 0.12–2.0a

Polyoxin D S. cacaoi Trinucleoside peptide Chitin synthesis C. immitis 0.125
Pseudomycin A P. syringae Lipodepsinonapeptide Lysis C. neoformans 1.56
Schizotrin A Schizotrix sp. Cyclic undecapeptide Unknown C. albicans 0.02
Syringomycin E P. syringae Lipodepsipeptide Lysis C. neoformans 0.8–12.5a

Syringostatin A P. syringae Lipodepsipeptide Lysis (?) A. fumigatus 5.0–40.0a

Syringotoxin B P. syringae Lipodepsinonapeptide Lysis (?) C. albicans 3.2–50.0a

Trichopolyn A T. polysporum Amino-lipopeptide Unknown C. neoformans 0.78
Trichopolyn B T. polysporum Amino-lipopeptide Unknown C. neoformans 0.78
WF11899 A Coleophoma empetri Lipopeptide Glucan synthesis C. albicans 0.16
WF11899 B C. empetri Lipopeptide Glucan synthesis C. albicans 0.008 (IC50)
WF11899 C C. empetri Lipopeptide Glucan synthesis C. albicans 0.008 (IC50)

a MICs based on assays with multiple isolates.
b IC50, inhibitory concentration for 50% of the population.

TABLE 4. Synthetic and semisynthetic antifungal peptides

Peptide Structure Mode of action Typical target organism In vitro MIC (mg/ml)

Cilofungin (LY121019) Lipopeptide Glucan synthesis C. albicans 0.62
D4E1 Linear peptide Lysis (?) A. flavus 26.25
L731,373 Lipopeptide Glucan synthesis C. albicans #0.06
L733,560 Lipopeptide Glucan synthesis C. albicans 0.06
L743,872 (MK-0991) Lipopeptide Glucan synthesis A. flavus 0.09–3.12
L773,560 Lipopeptide Glucan synthesis C. albicans 0.5
LY303366 Lipopeptide Glucan synthesis Candida krusei 0.5
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than the parent compound and retained potent fungicidal ac-
tivity (13, 59, 60, 165). Cilofungin also showed excellent in vitro
and in vivo activities against Candida spp. and A. fumigatus (13,
40, 137, 146, 161, 165, 183, 187) but displayed only limited
activity (151) against P. carinii pneumonia (PCP).

LY303366, a semisynthetic derivative that has potent in vitro
candidacidal properties on the basis of its selective inhibition
of b-(1,3)-glucan synthase, is effective against Candida species
clinical isolates, with MICs at which 90% of isolates are inhib-
ited (MIC90s) ranging from 0.5 to 4.0 mg/ml in RPMI 1640 (34,
138, 180). MIC90s were considerably lower in antibiotic me-
dium 3, ranging from 0.003 to 2.0 mg/ml. In antibiotic medium
3, LY303366 was 16- to .2,000-fold more active than itracon-
azole, fluconazole, amphotericin B, and flucytosine against all
Candida species except Candida parapsilosis (138). However,
in RPMI 1640, the activity of LY303366 was comparable to
those of amphotericin B and itraconazole, but it was more
active than fluconazole and flucytosine. Against Aspergillus
species, LY303366 had a minimum effective concentrations for
90% of isolates tested and an MIC90 of 0.02 and 10.24 mg/ml,
respectively (191). It was inactive against C. neoformans and
Blastomyces dermatitidis. In contrast, amphotericin B and itra-
conazole were more potent than LY303366 against Aspergillus
isolates. Amphotericin B, flucytosine, fluconazole, and keto-
conazole were also more effective against C. neoformans and B.
dermatitidis than LY303366. Ernst et al. (45) indicated that the
use of the current interpretive endpoint MIC in RPMI 1640
may underestimate the antifungal activity of LY303366 and
suggested that alternative media be used to obtain a more
accurate MIC endpoint for this peptide. This may also hold
true for other antimicrobial peptides. For example, the fungi-
cidal properties of cecropin B and dermaseptin were reduced
by increasing the pH of the bioassay media from 6 to 7 (38). A
pH increase may neutralize the positive charges on some
amino acids near the C terminus, which, in turn, could reduce
the ability of the C termini of these peptides to insert into the
negatively charged outer membrane, thereby preventing lysis.
LY303366 is being studied in phase II clinical trials.

Pneumocandins. Zalerion arboricola produces the pneumo-
candins, which were effective against P. carinii infections in rats
and which had greater potency and spectra of activity than the
echinocandins (50, 152). Pneumocandin A0, the most impor-
tant member of this group, has potent anti-Candida activity
and was more active than echinocandin against experimental
murine infections (50). Pneumocandin A0 was generally more
active than the echinocandin derivatives tretrahydroechinocan-
din B and cilofungin (11). However, pneumocandin A0 has no
activity against A. flavus, A. fumigatus, C. neoformans, or Can-
dida guilliermondii (50). Pneumocandin A0 was hemolytic at a
level (6.25 mg/ml) much higher than that required for activity
(50).

Pneumocandin analogs. L-693,989, a phosphate ester of
pneumocandin A, had a 90% minimum effective dose of 0.15
mg/kg of body weight and a 99% minimum effective dose of 3.0
mg/kg in animal models of PCP and candidiasis, respectively
(10). In contrast, cilofungin was at least 15 times less potent
than L-693,989 in a PCP model. Importantly, L-693,989 pro-
duced hemolysis only at levels greater than 400 mg/ml, which
was considerably greater than the concentration that inhibited
fungal growth.

L-773,560, L-731,373, L-733,560, and L-743,872 are water-
soluble, semisynthetic derivatives of pneumocandin B0 and are
significantly more potent than the narrow-spectrum parent
compound (12, 113). The MICs of these compounds were 0.06
to 4.0 mg/ml for clinical isolates of Candida species, 8 to 64
mg/ml for C. neoformans, and .128 mg/ml for A. flavus and A.

fumigatus. These peptides were relatively nonhemolytic for
human and mouse erythrocytes. In contrast, amphotericin B
was much more hemolytic (12). They were effective against
disseminated aspergillosis and candidiasis but not cryptococ-
cosis in murine models and delayed mortality due to pulmo-
nary aspergillosis at an effective dose (administered intraperi-
toneally) of 5 mg/kg in a rat model (1, 92). Against Candida
isolates, the tricationic analogs of pneumocandin, L-731,373
and L-733,560, were more potent than the dicationic analogs,
which, in turn, were more potent than the monocationic ana-
logs (188).

The highly soluble compound L-743,872 (MK-0991) was ef-
fective against clinically important fungal isolates and was well
tolerated by rodents (35, 116). The MICs of L-743,872 were
between 0.06 and 4.0 mg/ml for A. flavus and A. fumigatus. It
appeared to lack significant in vitro activity against F. oxyspo-
rum, Fusarium solani, Rhizopus arrhizus, and Paecilomyces li-
lacinus but enhanced the efficacies of fluconazole and ampho-
tericin B against C. neoformans (49). It significantly reduced
the C. albicans numbers in the mouse kidney compared to the
numbers in the kidneys of the controls and enhanced the ac-
tivities of amphotericin B and fluconazole in vitro against C.
neoformans (2, 49). The administration route affected
L-743,872, with administration by the oral route being 300-fold
less active than administration by the parental route. It was
efficacious in mouse target organ assays against Candida tropi-
calis and other Candida species. This peptide significantly pro-
longed the survival of DBA/2N mice with disseminated as-
pergillosis, with 50 and 90% effective doses of 0.03 and 0.12
mg/kg/dose, respectively, at 28 days postchallenge but was in-
effective against disseminated C. neoformans infections (2). In
animals, the pharmacokinetics of L-743,872 featured a long
half-life, ranging from 5.2 to 7.6 h, and the compound slowly
accumulated in tissues (66). No significant differences in the in
vitro antifungal activity of either LY-303366 or L-743,872 was
observed (90). L-743,872 is being investigated in phase II stud-
ies.

Aculeacins. Aculeacins (A through G) are produced by As-
pergillus aculeatus (120, 149). The inhibitory concentrations for
50% of the cultures (IC50s) for aculeacin A were 0.008 to 0.62
mg/ml for Candida species and 2.5 mg/ml for A. niger and A.
fumigatus (85). Aculeacins A through D, F, and G have good in
vitro activity against C. albicans and Saccharomyces cerevisiae
but reduced the growth of only a few filamentous fungi (119,
120, 149).

Mulundocandins. Aspergillus syndowi var. mulundenis pro-
duces the mulundocandins, whose structures differ from those
of the echinocandins by the replacement of one of the threoni-
nes with a serine residue, and the lipophilic side chain is 12-
methylmyristoyl rather than lineoyl (127, 147). Mulundocandin
and the related compound deoxymulundocandin were found to
be active against C. albicans and A. niger (128).

WF11899 group. Cleophoma empetri F-11899 produces the
water-soluble lipopeptides WF11899 A, B, and C. The IC50 for
C. albicans ranged from 0.0004 to 0.03 mg/ml (85). These pep-
tides demonstrated potent in vivo anti-Candida activities in a
murine model of systemic infection and were superior to clio-
fungin and fluconazole (85). However, WF11899 A, B, and C
lysed mouse erythrocytes in vitro at 62 mg/ml (85).

Aureobasidins. Aureobasidins are produced by Aureobasi-
dium pullulans (170). This group has 18 members whose struc-
tures have eight lipophilic amino acid residues and an a-hy-
droxyacid (80, 81). Their modes of action and structures differ
from those of the echinocandins in that they are believed to
alter actin assembly and delocalize chitin in cell walls, resulting
in lysis by disruption of cell membranes (44). Another study
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indicated that sphingolipid synthesis is the target of aureobasi-
din A (129). Aureobasidins A, B, C, E, S2b, S3, and S4 were
potent and had MICs of 0.05 to 3.12 mg/ml for Candida species
and C. neoformans isolates. The MICs for Histoplasma capsu-
latum and Blastomyces dermatitidis were less than 0.63 mg/ml.
Aureobasidin A at #2.5 mg/ml was also effective against de-
matiaceous fungi but was inactive against A. fumigatus, A. niger,
and A. flavus (91, 171). Its activity was superior to those of
fluconazole and amphotericin B against murine candidiasis
(171). Synthetic aureobasidin A was highly fungicidal, with
MICs of 0.01 to 1.6 mg/ml for Candida species and C. neofor-
mans (91). Aureobasidin showed several desirable properties,
including lethality for growing C. albicans cells, a low level of
acute toxicity, and improved survival and sterilization of kid-
neys in a murine model. It was one of the few peptides that had
appreciable oral bioavailability (171).

OTHER ANTIFUNGAL PEPTIDES DERIVED FROM
BACTERIA AND FUNGI

Bacillus licheniformis peptides. CB-1 is a chitin-binding pep-
tide containing fatty acids bound to amino acids and has an
IC50 for F. oxysporum of 50 mg/ml (130). A B. licheniformis
isolate, M-4, produces fungicin M-4 (99). It is a hydrophilic,
narrow-spectrum antifungal peptide that is resistant to proteo-
lytic enzymes and lipase and that inhibited the growth of Mi-
crosporum canis, Mucor species, and Sporothrix schenckii. How-
ever, fungicin M-4 was ineffective against C. albicans, C.
neoformans, A. niger, and Trichophyton mentagrophytes. B. li-
cheniformis also produces A12-C, a fungal cell growth and
hyphal proliferation inhibitor. A12-C inhibited S. schenckii, T.
mentagrophytes, and M. canis growth, as observed in zone-of-
inhibition studies (54).

Schizotrin A. A cyanobacterium, Schizotrix (TAU strain IL-
89-2), produces schizotrin A, a cyclic undecapeptide (135).
Zone-of-inhibition assays demonstrated that it has activity
against C. albicans and C. tropicalis. It also inhibited the radial
growth of F. oxysporum at 0.05 mg/ml.

Cepacidines. Cepacidines A1 and A2 are glycopeptides that
have similar structures and that are produced by Burkholderia
cepacia (100, 110). Together, they displayed potent antifungal
properties superior to those of amphotericin B (100). In vitro,
the MICs of cepacidine A ranged from 0.049 to 0.391 mg/ml for
Candida species, C. neoformans, A. niger, T. mentagrophytes,
Trichophyton rubrum, M. canis, and F. oxysporum (100). Its
activity was diminished significantly against C. albicans and C.
neoformans in the presence of 50% human serum, which may
limit its clinical potential.

1907-II and 1907-VIII. P. lilacinus produces two antifungal
peptides, 1907-II and 1907-VIII, consisting of several amino
acids, a methylamine, and a fatty acid (148). In vitro, both
peptides have a MIC of 6.25 mg/ml for C. albicans, while C.
neoformans was very susceptible (MICs, 0.78 and 1.56 mg/ml
for 1907-II and 1907-VIII, respectively).

Leucinostatin-trichopolyn group. The leucinostatin-tricho-
polyn group is structurally related to 1907-II and 1907-VIII.
Leucinostatins A and B are produced by submerged cultures of
Penicillium lilacinum (6, 53). Leucinostatin A and 1907-VIII
have the same molecular weight (1,217), while leucinostatin B
and 1907-II have a molecular weight of 1,203 (82, 83). Leuci-
nostatin A and B acted as uncouplers on rat mitochondria
(126). Leucinostatins D, H, and K were isolated from Paecilo-
myces marquandii (Massee) Hughes and had a wide spectrum
of antimicrobial properties against Candida species, C. neofor-
mans, and other clinically important fungi (140, 145). Unfor-
tunately, it is rather cytotoxic, with the following 50% inhibi-
tory doses: 850 ng/ml for HeLa cells, 0.95 ng/ml for KB cells,
and 1.00 ng/ml for P388/S cells. Trichopolyns A and B are
produced by Trichoderma polysporum (51, 52). The MICs of
trichopolyns A and B for C. albicans, C. neoformans, A. niger,
A. fumigatus, and T. mentagrophytes were 0.78 to 6.25 mg/ml.

Helioferins. Mycogone rosea produces helioferins A and B,
which are members of the leucinostatin-trichopolyn group that
also may not have clinical utility (63). They inhibited C. albi-
cans (MIC, 5.0 mg/ml) but were toxic to chicken embryos at
levels greater than 0.5 mg/kg and caused hemolysis at concen-
trations greater than 100 mg/ml. They also displayed cytotoxic
activities, with IC50s for the L-1210 leukemia cell line and the
L0929 mouse fibroblast cell line of 0.01 to 0.4 mg/ml.

PLANT ANTIFUNGAL PEPTIDES

Plant defensins. Plant defensins (Table 5), which are not
related to either the mammalian or the insect defensins, have
eight disulfide-linked cysteines comprising a triple-stranded
antiparallel b-sheet structure with only one a helix (23, 24).
Their mechanisms of action have not yet been elucidated,
although the possibility of permeabilization through direct pro-
tein-lipid interactions has been eliminated (174). They reduced
hyphal elongation without marked morphological distortions
(23, 24). Hs-AFP1 and Rs-AFP2 were isolated from Heuchera
sanginea and Raphanus sativus seeds, respectively (131, 173).
They possess poor lethality for the clinical fungi studied to
date. Hs-AFP1 and Rs-AFP2 at a concentration of 125 mg/ml
reduced the viability of germinated conidia of A. flavus by only
20 and 35%, respectively (39). In contrast, Hs-AFP1 at 125
mg/ml reduced the viabilities of nongerminated and germinat-
ing conidia of F. moniliforme by 42 and 85%, respectively,
while Rs-AFP2 reduced the viabilities of these conidial types by
25 and 95%, respectively. Hs-AFP1 and Rs-AFP2 bound at
different rates to mannan, chitin, cholesterol, ergosterol, ga-
lactocerebrosides, and sphingomyelin (39).

Impatiens balsamina produces a highly basic peptide, Ib-
AMP3, with four cysteine residues that form two intramolec-
ular disulfide bridges (166). Ib-AMP3 at 50 mg/ml reduced the
viability of germinated conidia of A. flavus by 42%, but it did
not affect the viability of nongerminated conidia (39). At 50.0
mg/ml it was highly effective against the nongerminated and

TABLE 5. Plant antifungal peptides

Peptide Source No. of amino acids Mode of action Typical target organism In vitro MIC (mg/ml)

ACE-AMP1 A. cepa 84 Unknown F. oxysporum 0.3 (IC50
a)

Hs-AFP1 H. sanginea 54 Unknown F. moniliforme 125.0
Ib-AMP3 I. balsamina 20 Unknown F. moniliforme 50.0
Rs-AFP2 R. sativus 51 Unknown F. moniliforme 125.0
Zeamatin Z. mays 27 Lysis (?) C. albicans 0.5

a IC50, inhibitory concentration for 50% of the population.
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germinated conidia of F. moniliforme, reducing their viabilities
by 95 and 99.5%, respectively, and had a very high affinity for
chitin (39).

Lipid transfer proteins. Some plants produce lipid transfer
proteins, a family of homologous peptides having eight disul-
fide-linked cysteines. Onion seeds (Allium cepa L.) produce the
lipid transfer peptide ACE-AMP1, which inhibited F. oxyspo-
rum (26).

Zeamatin. Zea mays seeds produce the peptide zeamatin,
which belongs to a third class of plant antifungal compounds
(144). Peptides in the zeamatin family are also present in
Avena sativa, Sorghum bicolor, and Triticum aestivum seeds
(181). Zeamatin caused the release of cytoplasmic material
from C. albicans and Neurospora crassa, resulting in hyphal
rupture. It appears to permeabilize the fungal plasma mem-
brane and inhibited C. albicans. Zeamatin activity was reduced
by increasing concentrations of NaCl. A flax seed antifungal
peptide similar to zeamatin, in synergy with nikkomycin Z,
inhibits C. albicans (22).

Cyclopeptides. Members of the family Rhamnaceae and
other plant families produce the basic cyclopeptides in which a
10- or 12-membered peptide-type bridge spans the 1,3 or 1,4
positions of a benzene ring (62). The antifungal properties of
many family members have not yet been determined. Frangu-
foline, amphibine H, rugosanines A and B, and nummularines
B, K, R, and S showed significant activity against A. niger but
not C. albicans in zonal inhibition studies (132).

SYNTHETIC PEPTIDES

D4E1. D4E1 is a synthetic peptide that is active against
germinated conidia of Aspergillus species, producing 50% le-
thal doses of between 2.1 and 16.8 mg/ml for several Aspergillus
species and a 50% lethal dose of 1.1 mg/ml for F. moniliforme
and F. oxysporum (36). Since D4E1 complexes with ergosterol,
its mode of action may be lytic. D4E1 was more resistant in
vitro to degradation by A. flavus proteases than the insect
peptide cecropin A.

CONCLUSIONS

In conclusion, there has been a marked expansion of our
knowledge of new antifungal peptides. Some of these agents
have reached clinical trials, while others are undergoing de-
tailed preclinical testing. Discovery and elucidation of antimi-
crobial peptides expand our understanding of intrinsic host
defenses and provide new approaches to antifungal chemo-
therapy. The membership of this group will expand as addi-
tional natural peptides are isolated and identified and analogs
of natural peptides or totally synthetic ones are produced.
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54. Gàlvez, A., M. Maqueda, M. Martinez-Bueno, M. Lebbadi, and E. Valdivia.
1993. Isolation and physico-chemical characterization of an antifungal and
antibacterial peptide produced by Bacillus licheniformis A 12. Appl. Micro-
biol. Biotechnol. 38:438–442.

55. Ganz, T., M. E. Selsted, and R. I. Lehrer. 1990. Defensins. Eur. J. Haema-
tol. 44:1–8.

56. Ganz, T., M. E. Selsted, D. Szklarek, S. S. L. Harwig, K. Daher, D. F.
Bainton, and R. I. Lehrer. 1985. Defensins: natural peptide antibiotics of
human neutrophils. J. Clin. Invest. 76:1427–1435.

57. Georgopapadakou, N. H., and T. J. Walsh. 1996. Antifungal agents: che-
motherapeutic targets and immunologic strategies. Antimicrob. Agents
Chemother. 40:279–291.

58. Gera, J. F., and A. Lichenstein. 1991. Human neutrophil peptide defensins
induce single strand DNA breaks in target cells. Cell. Immunol. 138:108–
120.

59. Gordee, R. S., D. J. Zeckner, L. F. Ellis, A. L. Thakker, and L. C. Howard.
1984. In vitro and in vivo anti-Candida activity and toxicology of LY121019.
J. Antibiot. 37:1054–1065.

60. Gordee, R. S., D. J. Zeckner, L. C. Howard, W. E. Alborn, Jr., and M.
Debono. 1988. Anti-Candida activity and toxicology of LY121019, a novel
polypeptide antifungal antibiotic. Ann. N. Y. Acad. Sci. 544:294–301.

61. Gottlieb, S., Z. Altboum, D. C. Savage, and E. Segal. 1991. Adhesion of
Candida albicans to epithelial cells effect of polyoxin D. Mycopathology
115:197–216.

62. Gournelis, D. C., G. G. Laskaris, and R. Verpoorte. 1997. Cyclopeptide
alkaloids. Nat. Prod. Rep. 14:75–82.
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75. Hóhne,H. 1974. Nikkomycin, ein neuer Hemmstoff der mikrobiellen Chitin
Synthese. Ph.D. dissertation. Universität Tubingen, Tubingen, Germany.

76. Hori, M., J. Eguchi, K. Kakiki, and T. Misato. 1974. Studies of the mode of
action of polyoxins. VI. Effect of polyoxin B on chitin synthesis in polyoxin-
resistant strains of Alternaria kikuchiana. J. Antibiot. 27:260–266.

77. Hori, M., K. Kakiki, and T. Misato. 1974. Interaction between polyoxin and
active center of chitin synthetase. Agric. Biol. Chem. 38:699–705.

8 MINIREVIEW ANTIMICROB. AGENTS CHEMOTHER.



78. Horwitz, A., P. Motchink, and R. Nadell. 1997. Fungicidal properties from
bactericidal/permiability-increasing protein (BPI) act synergistically with
fluconazole on a variety of Candida strains, abstr. F-102, p. 163. In Abstracts
of the 37th Interscience Conference on Antimicrobial Agents and Chemo-
therapy. American Society of Microbiology, Washington, D.C.

79. Iijima, R., S. Kurata, and S. Natori. 1993. Purification, characterization,
and cDNA cloning of an antifungal protein from the hemolymph of Sar-
cophaga peregina (flesh fly) larvae. J. Biol. Chem. 268:12055–12061.

80. Ikai, K., K. Shiomi, K. Takesako, S. Mizutanis, J. Yamamoto, Y. Ogawa, M.
Ueno, and I. Kato. 1991. Structures of the aureobasidins B to R. J. Antibiot.
44:1187–1198.

81. Ikai, K., K. Takesako, K. Shiomi, M. Moriguchi, J. Yamamoto, I. Kato, and
H. Naganawa. 1991. Structure of aureobasidin-A. J. Antibiot. 44:925–933.

82. Isogai, A., A. Suzuki, S. Higashikawa, S. Kuyama, and S. Tamura. 1980.
Constituents of a peptidal antibiotic P168 produced by Paecilomyces lilaci-
nus (Thom) Samson. Agric. Biol. Chem. 44:3029–3031.

83. Isogai, A., A. Suzuki, S. Higashikawa, S. Kuyama, and S. Tamura. 1980.
Structure of peptidal antibiotic P168 produced by Paecilomyces lilacinus
(Thom) Samson. Agric. Biol. Chem. 44:3033–3035.

84. Isono, K., K. Asahi, and S. Suzuki. 1969. Studies on polyoxins, antifungal
antibiotics. XIII. The structure of polyoxins. J. Am. Chem. Soc. 91:7490–
7505.

85. Iwamoto, T., A. Fuji, K. Nitta, S. Hashimoto, M. Okuhara, and M.
Kohsaka. 1994. WF11899A, B, and C novel antifungal lipopeptides. II.
Biological properties. J. Antibiot. 47:1092–1097.

86. Iwamoto, T., A. Fujiie, Y. Tsurumi, K. Nanbata, and K. Shibuya. 1990.
FR900403, a new antifungal produced by a Kernia sp. J. Antibiot. 43:1183–
1185.

87. Keller-Juslen, C., M. Huhn, H. R. Loosli, T. P. Petcher, H. P. Weber, and
A. Von Wartburg. 1976. Strucktur des Cyclopeptid-Antibiotikums SL7810
(5echinocandin B). Tetrahedron Lett. 46:4147–4150.

88. Klich, M. A., A. R. Lax, and J. M. Bland. 1991. Inhibition of some myco-
toxigenic fungi by iturin A, a peptidolipid produced by Bacillus subtilis.
Mycotpathology 116:77–80.

89. Kokryakov, V. N., S. S. L. Harwig, E. A. Panyutich, A. A. Shevchenko, G. M.
Aleshina, O. V. Shanova, H. A. Korneva, and R. I. Lehrer. 1993. Protegrins:
leucocyte antimicrobial peptides that combine features of corticostatic de-
fensins and tachyplesins. FEBS Lett. 327:231–236.

90. Krishnarao, T. V., and J. N. Galgiani. 1997. Comparison of the in vitro
activities of the echinocadin LY303366, the pneumocandin MK-0991, and
fluconazole against Candida species and Cryptococcus neoformans. Antimi-
crob. Agents Chemother. 41:1957–1960.

91. Kurmoe, T., K. Inami, T. Inoue, K. Ikai, K. Takesako, I. Kato, and T. Shiba.
1996. Total synthesis of an antifungal cyclic depsipeptide aureobasidin A.
Tetrahedron 52:4327–4356.

92. Kurtz, M. B., E. M. Bernard, F. F. Edwards, J. A. Marrinan, J. Dropinski,
C. M. Douglas, and D. Armstrong. 1995. Aerosol and parenteral pneumo-
candins are effective in a rat model of pulmonary aspergillosis. Antimicrob.
Agents Chemother. 39:1784–1789.

93. Kurtz, M. B., and C. M. Douglas. 1997. Lipopeptide inhibitors of fungal
glucan synthase. J. Med. Vet. Mycol. 35:79–86.

94. Landy, M., G. H. Warren, S. B. Roseman, and L. G. Colio. 1948. Bacillo-
mycin, an antibiotic from Bacillus subtilis active against pathogenic fungi.
Proc. Soc. Exp. Biol. Med. 67:539–541.

95. Latoud, C., F. Peypoux, and G. Michel. 1987. Action of iturin A, an anti-
fungal antibiotic from Bacillus subtilis on the yeast Saccharomyces cerevisiae.
Modification of membrane permeability and lipid composition. J. Antibiot.
40:1588–1595.

96. Latoud, C., F. Peypoux, G. Michel, R. Genet, and J. L. Morgat. 1986.
Interactions of antibiotics of the iturin group with human erythrocytes.
Biochim. Biophys. Acta 856:526–535.

97. Lawyer, C., S. Pai, M. Watebe, P. Borgia, T. Mashimo, L. Eagleton, and K.
Watebe. 1996. Antimicrobial activity of a 13-amino acid tryptophan-rich
peptide derived from a putative porcine precursor protein of a novel family
of antibacterial peptides. FEBS Lett. 390:95–98.

98. Lawyer, C. S., S. Pal, M. Watebe, H. Bakir, L. Eagleton, and K. Watebe.
1996. Effects of synthetic form of tracheal antimicrobial peptide on respi-
ratory pathogens. J. Antimicrob. Chemother. 37:599–604.

99. Lebbadi, M., A. Galvez, M. Maqueda, M. Martinez-Bueno, and E. Valdivia.
1994. Fungicin M-4: a narrow spectrum peptide antibiotic from Bacillus
licheniformis M-4. J. Appl. Bacteriol. 77:49–53.

100. Lee, C. H., S. H. Kim, B. C. Hyun, J. W. Suh, C. Yon, C. O. Kim, Y. A. Lim,
and C. S. Kim. 1994. Cepacidine A, a novel antifungal antibiotic produced
by Pseudomonas cepacia. I. Taxonomy, production, isolation, and biological
activity. J. Antibiot. 47:1402–1405.

101. Lee, S. Y., H.-J. Moon, S. Kurata, S. Natori, and B. L. Lee. 1995. Purifica-
tion and cDNA cloning of an antifungal protein from the hemolymph of
Holotrichia diomphalia larvae. Biol. Pharm. Bull. 18:1049–1052.

102. Lehrer, R. I., A. Barton, K. A. Daher, S. S. L. Harwig, T. Ganz, and M. E.
Selsted. 1989. Interaction of human defensins with Escherichia coli. Mech-
anism of activity. J. Clin. Invest. 84:553–561.

103. Lehrer, R. I., T. Ganz, D. Szklarek, and M. E. Selsted. 1988. Modulation of

the in situ candidacidal activity of human neutrophil defensins by target cell
metabolism and divalent cations. J. Clin. Invest. 81:1829–1835.

104. Lehrer, R. I., A. K. Lichtenstein, and T. Ganz. 1993. Defensins: antimicro-
bial and cytotoxic peptides of mammalian cells. Annu. Rev. Immunol.
11:105–128.

105. Lehrer, R. I., D. Szklarek, T. Ganz, and M. E. Selsted. 1985. Correlation of
binding of rabbit granulocyte peptides to Candida albicans with candi-
dacidal activity. Infect. Immun. 49:207–211.

106. Lehrer, R. I., D. Szklarek, T. Ganz, and M. E. Selsted. 1986. Synergistic
activity of rabbit granulocyte peptides against Candida albicans. Infect.
Immun. 52:902–904.

107. Levitz, S. M., M. E. Selsted, T. Ganz, R. I. Lehrer, and R. D. Diamond.
1986. In vitro killing of spores and hyphae of Aspergillus fumigatus and
Rhizopus oryzae by rabbit neutrophil cationic peptides and bronchoalveolar
macrophages. J. Infect. Dis. 154:483–489.

108. Levy, O., J. Weiss, K. Zarember, C. E. Ooi, and P. Elsbach. 1993. Antibac-
terial 15-kDa isoforms (p15s) are members of a novel family of leukocyte
proteins. J. Biol. Chem. 268:6058–6063.

109. Lim, E., P. Wong, M. Fadem, P. Motchinik, M. Bakalinsky, and R. Little.
1996. Fungicidal activity derived from bactericidal/permeability-increasing
protein (BPI), abstr. F185, p. 132. In Program and abstracts of the 36th
Interscience Conference on Antimicrobial Agents and Chemotherapy.
American Society for Microbiology, Washington, D.C.

110. Lim, Y., J.-W. Suh, S. Kim, B. Hyun, C. Kim, and C. H. Lee. 1994. Cepaci-
dine A, a novel antifungal antibiotic produced by Pseudomonas cepacia. II.
Physico-chemical properties and structure elucidation. J. Antibiot. 47:1406–
1416.

111. Ludtke, S., K. He, and H. Huang. 1995. Membrane thinning by magainin 2.
Proc. Natl. Acad. Sci. USA 34:16764–16769.

112. Magoni, M. E., A. Aumelas, P. Chamet, C. Roumestand, L. Chiche, E.
Despaux, G. Grassy, B. Calas, and A. Chavanieu. 1996. Change in mem-
brane permeability induced by protegrin 1: implication of disulfide bridges
for pore formation. FEBS Lett. 383:93–98.

113. Martinez-Suarez, J. V., and J. L. Rodriguez-Tudela. 1996. In vitro activities
of semisynthetic pneumocandin L-733,560 against fluconazole-resistant and
-susceptible Candida albicans isolates. Antimicrob. Agents Chemother. 40:
1277–1279.

114. McCarthy, P., D. J. Newman, L. J. Nisbet, and W. D. Kingsbury. 1985.
Relative rates of transport of peptidyl drugs by Candida albicans. Antimi-
crob. Agents Chemother. 28:494–499.

115. McCarthy, P. J., P. F. Troke, and K. Gull. 1985. Mechanism of action of
nikkomycin and the peptide transport system of Candida albicans. J. Gen.
Microbiol. 131:775–780.

116. Merck & Co. May 21, 1996. Press release, business wire. Data on file. Merck
& Co., White House Station, N.J.

117. Mhammedi, A., F. Peypoux, F. Besson, and G. Michel. 1982. Bacillomycin
F, a new antibiotic of iturin group. Isolation and characterization. J. Anti-
biot. 35:306–311.

118. Michaut, L., P. Fehlbaum, M. Moniatte, A. Van Dorsselaer, J.-M. Rechart,
and P. Bulet. 1996. Determination of the disulfide array of the first induc-
ible antifungal peptide from insects: drosomycin from Drosophila melano-
gaster. FEBS Lett. 395:6–10.

119. Mizoguchi, J., T. Saito, K. Mizuno, and K. Hayano. 1977. On the mode of
action of a new antifungal antibiotic, aculeacin A: inhibition of cell wall
synthesis in Saccharomyces cerevisiae. J. Antibiot. 30:308–313.

120. Mizuno, K., A. Yagi, S. Satoi, M. Takada, M. Hayashi, K. Asano, and T.
Matsuda. 1977. Studies on aculeacin. I. Isolation and characterization of
aculeacin A. J. Antibiot. 30:297–302.

121. Moneton, P., P. Sarthow, and F. Le Gaffic. 1986. Transport and hydrolysis
of peptides in Saccharomyces cerevisiae. J. Gen. Microbiol. 132:2147–2153.

122. Moore, A. J., D. A. Devine, and M. C. Bibby. 1994. Preliminary experimental
anticancer activity of cecropins. Pept. Res. 7:265–269.

123. Mor, A., M. Amiche, and P. Nicolas. 1994. Structure, synthesis, and activity
of dermaseptin b, a novel vertebrate defensive peptide from frog skin:
relationship to adenoregulin. Biochemistry 33:6642–6650.

124. Mor, A., K. Hani, and P. Nicolas. 1994. The vertebrate peptide antibiotics
dermaseptins have overlapping structural features but target specific organ-
isms. J. Biol. Chem. 269:31635–31641.

125. Mor, A., V. H. Nguyen, A. Delfour, D. Migliore-Samour, and P. Nicolas.
1991. Isolation, amino acid sequence of dermaseptin, a novel antimicrobial
peptide of amphibian skin. Biochemistry 30:8824–8830.

126. Mori, Y., M. Suzuki, K. Fukushima, and T. Arai. 1983. Structure of leuci-
nostatin B, an uncoupler on mitochondria. J. Antibiot. 36:1084–1086.

127. Mukhopadhyay, T., and B. N. Ganguli. 1986. Mulundocandin, a new li-
popeptide antibiotic. II. Structure elucidation. J. Antibiot. 40:281–289.

128. Mukhopadhyay, T., T. K. Roy, R. G. Bhat, S. N. Sawant, J. Blumbach, B. N.
Ganguli, H. W. Fehlhaber, and H. Kogler. 1992. Deoxymulundocandin—a
new echinocandin type antifungal antibiotic. J. Antibiot. 45:618–623.

129. Nagiec, M. N., E. E. Nagiec, J. A. Baltisburger, G. R. Well, R. L. Lester, and
R. L. Dickson. 1997. Sphingolipid synthesis as a target for antifungal drugs.
J. Biol. Chem. 272:9809–9817.

130. Oita, S., M. Horita, and S. O. Yanagi. 1996. Purification and properties of

VOL. 43, 1999 MINIREVIEW 9



a new chitin-binding antifungal CB-1 from Bacillus licheniformis M-4. Bio-
sci. Biotech. Biochem. 60:481–483.

131. Osborn, R. W., G. W. De Samblax, K. Thevissen, I. Goderis, S. Torrekens,
F. Van Leuven, S. Attenborough, S. B. Rees, and W. F. Broekaert. 1995.
Isolation and characterization of plant defensins from seeds of Asteraceae,
Fabaceae, Hippocastanceae, and Saxifragaceae. FEBS Lett. 368:257–262.

132. Panday, V. B., and S. Devi. 1990. Biologically active cyclopeptide alkaloids
from Rhamnaceae plants. Planta Med. 56:649–650.

133. Patterson-Delafield, J., D. Szklarek, R. J. Martinez, and R. I. Lehrer. 1981.
Microbicidal cationic proteins of rabbit alveolar macrophages: amino acid
composition and functional attributes. Infect. Immun. 31:723–731.

134. Perez, P., R. Varona, I. Garcia-Acha, and A. Duran. 1981. Effect of papu-
lacandin B and aculeacin A on beta-(1,3) glucan synthase from Geotrichum
latis. FEBS Lett. 129:249–252.

135. Pergament, I., and S. Carmelli. 1994. Schizotrin A: novel antimicrobial
cyclic peptide from a cyanobacterium. Tetrahedron Lett. 35:8473–8476.

136. Peypoux, F., M. Guinand, G. Michel, L. Delcambre, B. C. Das, P. Varenne,
and E. Lederer. 1973. Isoelement de l’acide 3-amino 12-mèthyl tétradé-
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